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New Physics in form of light particles

m New light (GeV-scale) very weakly interacting particles are
predicted in many BSM scenarios: dark matter, new gauge
bosons, dark photon, sterile neutrinos, ALP,
supersymmetric models

m Big experimental program at LHC (FASER, SHiP etc.)

m New light particles — feeble interaction with SM, i.e. small
production and decay probabilities

m They may be long-lived!

m Production in decays of mesons: at colliders as well as in
atmosphere!

m Neutrino experiments are looking for atmospheric
neutrinos produced in meson decays: why not look for new
particles?
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Supersymmetric models

m SUSY - attractive extension of SM, extensively
studied at the LHC experiments

m SUSY breaking: hidden sector — visible sector
No direct interactions between visible and hidden
sectors

m Transmission of SUSY breaking at a scale M:
messengers (gravity, gauge interactions, etc.)

m Spontaneous SUSY breaking: goldstino and its
superpartners
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(Chiral) Goldstino supermultiplet

B ® =g+ V20 + Fy0?,  F, — auxiliary field
m SUSY — broken — F = (Fy4) #0
m VF — supersymmetry breaking scale

m VF > Mgy — goldstino supermultiplet decouples — usual
MSSM

m VF = Mgy — we should include S, P and ¢ in low energy
theory — low scale supersymmetry breaking

m 1) — Goldstone fermion,
m goldstino — longitudinal gravitino component :
m3/2 = \/87T/3F/Mp/
m for V/F =100 TeV, ms ), ~ 2.4 eV — superlight gravitino

m ¢ =(S5S+iP)/2, where S(P) — scalar(pseudoscalar)
sgoldstino
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Interactions of goldstino supermultiplet with SM

m MSSM + goldstino supermultiplet
® = ¢+ V20 + Fy6?, (Fy) =F,

L = Lyssm + Lo—Kshler + Lo—gauge + Lo—superpotential

2
Lo_Kshler = — /d2¢9 d%0 CDTCD'Z %(DZ 81 ViteVotes Vs P
k

1 M,
Lo gauge = 5 /d20 b - Z Ta TWeW® + h.c. ,
(e}

B . .
£¢7superpotential = /d29 q)GU (— HID H{J +

AD . -
= ,f_b Q;D,‘;Hb+...>+h
= Nonrenormalizable, low energy effective theory E < /F
m Weak coupling regime: hierarchy m.n < VF
m Higher order interactions are suppressed by higher powers of F
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Interactions of goldstino supermultiplet with SM

Sgoldstino interaction lagrangian with gauge fields and fermions

Ly=— Z4\fF a;wFaa'LW -<\quJdb hD5+ >

D

ALy o ;
_Z8fF auueuy/\p axp — €ij (’\/St;__ a’YSdg'hIDP"i_'")

Scalar sgoldstino can mix with the Higgs boson with mixing angle

4183vsin23 + v3(g2 My + g3 M>) cos 23
2Fm?

95/,%—
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Light sgoldstino phenomenology: decays

see, e.g., Gorbunov, 2000
Main decay channels for sgoldstinos ms p < 0.5 GeV:

My, =2 TeV, M3 =4 TeV, A=2 TeV

X=SorP : —
M’\ 2m3 T
X—=yy: T —5% -
Z
Xt T A L
smtsm: 3 E

. M32m5f(A/M3) 10-°
S — [~ -

—4
10 01 02 03 04 05

“ms, [GeV]

P — 77 is forbidden

Decay P — ~~ is dominant at least up to 3m;
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Light sgoldstino production in light meson decays

m Scalar sgoldstino S

Br(K* — n£S) ~ 1.3-1073 x (4 + 95,,)2 x AL/2(ms mx)

mg’ mg
_ v 2 m
Br(KL — 7%5) ~5.5-1073 x (%% + 0sp)” x A/2(fs oz )
m Pseudoscalar sgoldstino P
P — 7% mixing: sin®§x ~ J—Mzzf’g";if('t/le)
F (mP—mﬂ_o)
=y i

F(KE = Prt) & sin? 0 (K — n07t) ‘mw_wp
M(n*t = Pety,) ~sin?0 x (7t — Petue) ‘mﬁ_)mp
M(K*= = Petve) =sin? 0 x T (K= = Pe*ve) |,

NB: Above decays can go through flavor violating couplings
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Production of light particles in meson decays in atmosphere

see, e.g. Argiielles, Coloma, Hernandez, Mufioz, '20

Production of S: M—=S+... S—o9y
Production rate: dos Z/ 1 doy dNs
dEsdeX p)\M dEMdQ dE5
’Ze"\-‘l‘%\"- 4
X = [dl p(h) - slant depth )

h=+vR?2+2IRcosf + 12— R

p(X) — density of atmosphere

Am(Em)

dNS(Ep, Es) — spectrum of S in the decay of

meson M

— decay length of M
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Meson spectra in atmosphere

Fedynitch et al."12, '15, https://mceq.readthedocs.io
We use MCEq program — Matrix Cascade Equations

doy dpy / ¢M, dnint / dpy dNge
—_— = + dE, + dEwy
dX T Ninew AdecM Z M Nint.wr dEwg %: " Ndee.mr dEm

Aint,m and Agec,m — interaction and decay length of P

dNint deec )
ﬁ d ﬁ — production spectra of M

Atmospheric model — NRLMSISE-00
Hadronic interactions: SYBILL-2.3c, QGSJET-1I-04, DPMJET-III

Flux of S at the detector: dés —1/Adec __dds
dEsdcosf — 2r [dX e Pazas dEsd2dX oJ
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Signal in Super-Kamiokande

SK VieW (from Kajita et al. NPB 908 (2016) 14) EXampIe Of event (from arXiv:2311.05105)

eike &%

Electron and photons — e/m showers — blurred rings
Muons and charged pions — rings with sharp edges
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Signal in Super-Kamiokande

Effective area: Very conservative estimate:
GSK — [dS, <1 e—fde":ts> background — atmospheric neutrinos
efr ( - ’ ‘
ot Atmospheric neutrino oscillation
analysis at SK (PRD 97, 072001) -
5326 days, take all multi-GeV e-like
— events )
£
%}% Multi-GeV e-like v, 400) Multi-GeV e-like 7=
! m 2nnﬁﬁ~;
" \.l == 1.
1075 100 10t 10 o o
Adee,s, [m]
20 Multi-Ring e-lke v, 4 Multi-Ring e-like 7
- + -
10 bins in cos @ [-1,1] ‘“ﬁ% ‘““&
1.3 GeVS Es < 90 GeV

Sergei Demidov New physics from atmosphere 12



Procedure

m Fix ms (or mp) and dominant production channel in a decay
m Two parameters: 75 and Br(M — S + ...)

m Expected signal:

dbs

o SK _doés
S eT/dcosGdEs S (0, Es) dEsd cos?

m Find 90% CL bounds using

N.
X z,: Si + og5i+Bi

m Sensitivity of Hyper-Kamiokande (10 years): larger size and
fiducial volume (a factor about 8.4)
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K — S7,5 — 7~ : bounds from SK data

Br(K* — 7t5)
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Scalar sgoldstino S

Dominant production channels: K* — 7%S and K, — #°S
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Sergei Demidov New physics from atmosphere 14



K — S7,S — v (long-lived)

Br(K* — 7*S), S — invisible (y7)
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K — Peve, P — vy

Br(K* — e*1,S), S — invisible (yy)

Pseudoscalar sgoldstino P

Production channels: K= — Pe®v,

mp = 0.28 GeV mp = 0.44 GeV
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K — Peve, P — vy

Pseudoscalar sgoldstino P
Production channels: K* — Petv,, P — vy
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Relevant parameter space of the model

m Sgoldstino (S — ~7) lifetime: E
103 m< er $10° m of
m M 1077 - 1079 Gev ! _ ]
3
8
m Production S: g 1
A ~4.107% Gev? : , ]
m Production P: R B e 1
% ~ 1072 Gev1 10_5? / SN1G8TA (2> yy) N\ Gayz =0
1g-10c . 1 1 " 1
105 10* 10 102 107 10° 10'

Parameter space: Mz > A> M,, J
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Conclusions and future plans

m Atmospheric beam dump — an interesting avenue
for searches of light long-lived particles

m Improved analysis: take into account signal from
atmospheric neutrino

m Production of S(P) in decays of heavier mesons
such asn, 7', D, ...
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